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In 1929, H. Weyl discovered that all elementary fermions that have zero mass must attain a definitive chirality determined by whether the directions of spin and motion are parallel or anti-parallel [1] . Such a chiral massless fermion is called the Weyl fermion (WF). Although none of the fundamental particles in high-energy physics was identified as WFs, condensed matter researchers have found an analog of this elusive particle in a new class of topological materials, the Weyl semimetal (WSM) [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Similar to the case in high-energy physics, the WFs in a WSM also have a definitive chirality. A right-handed Weyl node (χ = +1) is a monopole (a source) of Berry curvature whereas a left-handed Weyl node (χ = −1) is an anti-monopole (a drain) of Berry curvature. Any Fermi surface enclosing a right(left)-handed Weyl node (χ = ±1) has a unit Berry flux coming out (in) and hence carries a Chern number C = ±1 (Fig. 1a) . As a result, the chirality of the WF serves as its topological number.
The distinct chirality directly leads to exotic, topologically protected phenomena in a WSM. First, the separation between WFs of opposite chirality in k space protects them from being gapped out [5] . Second, the opposite Chern numbers of the bulk Fermi surfaces guarantee the existence of topological Fermi arc surface states [5] that connect between pairs Weyl nodes of opposite chirality (Figs. 1a,b) . Third, applying parallel electric and magnetic fields can break the apparent conservation of chirality, making a Weyl metal, unlike ordinary non-magnetic metals, more conductive with an increasing magnetic field [14] [15] [16] . Besides its fundamental importance in the topological physics of WSM, the chirality also gives rise to a new degree of freedom in 3D materials, analogous to the valley degree of freedom in the 2D transition metal dichalcogenides (TMDs) that have gathered great attention recently [27, 28] . The potential to control the chirality [12, 13, [17] [18] [19] [20] [21] [22] [23] [24] [25] , combined with the high electron mobility found in the WSMs [15] , may offer new schemes to encode and process information.
Therefore, it is of crucial importance to detect the chirality of the WFs. This requires identifying physical observables that are sensitive to the WF chirality. The band structures, quasi-particle interferences, magneto-resistances measured by angle-resolved photoemission spectroscopy (ARPES) [9, 11] , scanning tunneling microscope [32] [33] [34] , and transport experiments [14] [15] [16] , respectively, are not sensitive to the chirality of WFs. One proposal to detect the chirality is to use pump-probe ARPES to measure the transient spectral weight upon shining circularly polarized pump light [35] . However, this requires an ARPES with a mid-4 infrared pump and a soft X-ray probe, which is technically very challenging. On the other hand, optical experiments on WSMs have remained very limited [36, 37] , although they are promising approaches to achieve these goals [12] . In this paper, we detect the chirality of the WFs in the WSM TaAs by measuring its mid-infrared photocurrent response. Circularly polarized light induced photocurrents, also called the circular photogalvanic effect (CPGE), have been previously measured in other systems [29] [30] [31] but have not been experimentally studied in WSMs.
We first discuss the theoretical picture of the CPGE for optical transitions from the lower part of the Weyl cone to the upper part [17] . There are two independent factors important for the CPGE here. The first is the chirality selection rule (Figs. 1c,d ). For a right circularly polarized (RCP) light propagating along +ẑ and a χ = +1 WF, the optical transition is allowed on the +k z side but forbidden on the −k z side [17] . The second is the Pauli blockade, which is only present when chemical potential is away from the Weyl node.
In the presence of a finite tilt (Fig. 1e) , the Pauli blockade becomes asymmetric about the nodal point. If we only consider a single Weyl cone, in general we expect a nonzero current (Figs. 1c,d) . However, having a nonzero total photocurrent depends on whether contributions from different WFs cancel each other. In an inversion-breaking WSM with mirror symmetries, Ref. [17] shows that the total photocurrent becomes nonvanishing when both factors are present (see also supplemental information (SI) SI.III.1).
TaAs has been experimentally established as an inversion-breaking WSM with mirror symmetries [7] [8] [9] 11] . The tilt of the WFs is significant (e.g., | These factors make TaAs a promising system to observe the WF-induced CPGE as discussed above. We describe the following properties of TaAs relevant for our study. While TaAs has twenty-four WFs, only two are independent, which are highlighted in Fig. 1j and named (Fig. 1j) . While the energy-dispersion has been observed by 5 ARPES, the chirality configuration ( Fig. 1j) has not been measured.
In order to detect the CPGE, we utilize a mid-infrared scanning photocurrent microscope ( Fig. 2a) equipped with a CO 2 laser source (λ CO 2 = 10.6 µm and ω ≃ 120 meV). We note that this photon energy fits our purpose because we specifically want to excite electrons from the lower part of Weyl cone to the upper part. A much lower photon energy (in the terahertz range) will likely fall into the intra-band regime unless the chemical potential is tuned very close to the Weyl nodes, whereas a much higher photon energy would excite electrons to bands at much higher energy, making the process of marginal relevance to the Weyl physics.
Throughout the paper, we assign the propagation of the light as +x. Our TaAs sample (Fig. 2b) is purposely filed down so that the out-of-plane direction isâ. We have performed single crystal x-ray diffraction (XRD, see SI.II.4), which allows us to determine the +ĉ direction ( Fig. 2b ). Throughout Fig. 2 , the lab and sample coordinates are identical (e.g., +â = +x). The black data-points in Fig. 2c show the current along b, when the laser-spot is near the sample's center (the black dot in Fig. 2b ). We observe that the current reaches maximum value for RCP light, minimum for LCP light, and zero for linearly polarized light.
The whole data-curve fits nicely to a cosine function. In sharp contrast, we see no observable current along the c direction (the black data-points in Fig. 2d ).
We move the light spot horizontally to the blue and pink dots in Fig. 2b . The corresponding photocurrents (the blue and pink data-points in Fig. 2c) show the same polarizationdependence but with an additional, polarization-independent shift. We also see the same polarization-independent shift for the currents along c (Fig. 2d) . These data reveal two distinct mechanisms for photocurrent generation. To understand the polarization-independent component, in Fig. 2e , we show the photocurrent along b with a fixed polarization (RCP), while the laser spot is varied in (y, z) space. We see the current flowing to the opposite directions depending on whether the light spot is closer to the left or right contact. This spatial dependence shows that the polarization-independent component arises from the photothermal effect [29, 30, 38] . Figure 2f shows the photocurrent as a function of polarization and the z position of the laser spot, where both the polarization-dependent and polarizationindependent components can be seen. In order to separate these two components, we Fourier transform from the polarization angle space to the frequency space. As shown in Fig. 2g , aside from the low-frequency intensities that correspond to the polarization-independent photo-thermal current, we observe a sharp peak exclusively at the frequency of 1/π. This peak disappears at the z values outside the sample, confirming that the observed current is the sample's intrinsic property. We show the frequency-filtered photocurrent only at the frequency of 1/π. The RCP (Fig. 2h ) light induced photocurrent is along the −y direction irrespective of the location of the laser. This spatial configuration is different from that of the photo-thermal effect (Fig 2e) . In SI.IV, we further show the temperature and laser power dependences of the photocurrent. These systematic polarization, position, temperature and power dependent measurements further confirm the CPGE and isolate it from the photo-thermal effect.
We now present two important characteristics of the observed photocurrent. The first is the cancellation of photocurrent along certain directions. For RCP light alongâ (Fig. 2) , we observe zero current alongĉ. On another TaAs sample (SI.IV), we shine light alongĉ.
We observe zero current along bothâ andb directions. The second is the sign-reversal of the photocurrent upon rotating the sample by 180
• while fixing the properties of the light (Fig. 3) . The lab coordinate remains while the sample coordinate changes upon rotations.
I > 0 is consistently defined as −ŷ in the lab coordinate. For a given polarization, the direction of the photocurrent reverses if one rotates the sample by 180
• aroundâ orb (Figs. 3b,c) , while it remains the same upon a rotation aroundĉ (Fig. 3d) . To explain these observations, we consider the second order photocurrent response tensor η αβγ since our CPGE shows a linear dependence to the laser power (SI.IV). η αβγ is defined through:
where J is the total photocurrent and E is the electric field. The CPGE corresponds to the imaginary part of η αβγ [31] . Because the η αβγ tensor is an intrinsic property, it has to obey the symmetries of the system. Therefore, symmetry dictates many important properties of the CPGE, independent of the details of the band structure, the wavelength of the light, or the underlying microscopic mechanism for the optical transition. In TaAs, the presence of M a and M b forces η αβγ to vanish when it contains an odd number of momentum index a or b. In SI.III.2, we show that both observations can be explained by symmetry analysis of the tensor η αβγ , which further confirms the intrinsic nature of the observed CPGE.
While the cancellation and sign-reversal are solely dictated by symmetry, the absolute direction of the current, i.e., the sign of η bbc and η bcb , depends on the microscopic mechanism.
Specifically, when we shine light alongâ, symmetry tells us the current will be nonzero 7 alongb but it cannot decide whether the current flows to +b or −b (Fig. 2) . Unlike a high photon energy which would likely involve many bands irrelevant to the WFs, the photon energy 120 meV creates excitations from the lower part of the Weyl cone to the upper part, which directly relies on the chirality of the WFs (Fig. 1) . Moreover, the microscopic theory describing this optical transition is available [17] , which allows us to theoretically calculate the photocurrent. Specifically, the photocurrent from a single WF is given by
where C is a constant determining the magnitude of the current that is the same for all 24
WFs,J is a dimensionless vector that gives the direction of the current, q is the momentum vector from the Weyl node, E ± , v ± , and n 
where χ W 1 is the chirality of the W 1 WF highlighted in Fig. 4a . In other words, theory predicts that, if χ W 1 = +1, thenĴ THY is along −b and that if χ W 1 = −1, thenĴ THY is along +b. In our data (Fig. 4b) , because we shine RCP light along +â and measure a current flowing to −b and because we have measured +c from single crystal XRD, we observe the following relation from our data:
By comparing Eq. 3 with Eq. 4, we determine χ W 1 = +1. We find that the chirality of the W 1 WF determined by the photocurrent agrees with that of predicted by first-principles (Fig. 1j) agree. The agreement further confirms our detection of the WF chirality in TaAs.
Finally, we discuss how our results can open up new experimental possibilities for studying and controlling the WFs and their associated quantum anomalies. Analogous to two valleys in 2D (Fig. 4c) , the key is to identify ways to interact with the two chiralities in a WSM distinctly. In the present study, this is achieved because the circularly polarized light excites opposite sides of the WFs of opposite chirality (Fig. 4d) . Another approach to differentiate the two chiralities is to create a population imbalance (Fig. 4e) . Interestingly, doing so in a WSM fundamentally requires breaking the apparent conservation of chirality (the chiral anomaly). This can be achieved electrically by applying parallel electric and magnetic fields (Fig. 4e [13-16 ], or optically through the chiral magnetic effect by shining a light on a special kind of WSM, where Weyl nodes of opposite chirality have different energies [18, [23] [24] [25] [26] . Apart from the present study and the proposed anomaly related physics [13, 18, [23] [24] [25] [26] , the nontrivial Berry curvatures in WSMs can also lead to various novel optical phenomena such as photocurrents [19] [20] [21] , Hall voltages [22] , Kerr rotations [20] , and second harmonic generations [20, 21] . While these novel phenomena [13, [18] [19] [20] [21] [22] [23] [24] [25] [26] may arise from different aspects of Weyl physics, they are ultimately rooted in the existence of two distinct chiralities (χ = ±1) WFs as demonstrated here.
Methods
Mid-infrared photocurrent microscopy setup: In our experiment, the sample is contacted with metal wires and placed in an optical scanning microscope setup that combines electronic transport measurements with light illumination [38, 42] . The laser source is a temperature-stablized CO 2 laser with a wavelength λ = 10.6 µm ( ω ≃ 120 meV). A focused beam spot (diameter d ≈ 50 µm) is scanned (using a two axis piezo-controlled scanning mirror) over the entire sample and the current is recorded at the same time to form a colormap of photocurrent as a function of spatial positions. Reflected light from the 9 sample is collected to form a simultaneous reflection image of the sample. The absolute location of the photo-induced signal is therefore found by comparing the photocurrent map to the reflection image. The light is first polarized by a polarizer and the chirality of light is further modulated by a rotatable quarter-wave plate characterized by an angle θ (Fig. 2a) .
Single crystal growth: Single crystals of TaAs were prepared by the standard chemical vapor transfer (CVT) method [39] . The polycrystalline samples were prepared by heating up the stoichiometric mixtures of high quality Ta (99.98%) and As (99.999%) powders in an evacuated quartz ampoule. Then the powder of TaAs (300 mg) and the transport agent were sealed in a long evacuated quartz ampoule (30 cm). The end of the sealed ampoule was placed horizontally at the center of a single-zone furnace. The central zone of the furnace was slowly heated up to 1273 K and kept at the temperature for 5 days, while the cold end was less than 973 K. Magneto-transport measurements were performed using a Quantum
Design Physical Property Measurement System.
First-principles calculations:
First-principles calculations were performed by the OPENMX code within the framework of the generalized gradient approximation of density functional theory [40] . Experimental lattice parameters were used, and the details for the computations can be found in Ref. [39] . A real-space tight-binding Hamiltonian was obtained by constructing symmetry-respecting Wannier functions for the As p and Ta d orbitals without performing the procedure for maximizing localization. by the photocurrent agrees with that predicted by first-principles (Fig. 1j) , further confirming our experimental detection of WF chirality. c-e, Comparison between the chirality degree of freedom of the WFs and valley degree of freedom in gapped Dirac system. c, In a gapped Dirac system, an optical excitation with a particular handedness can only populate one valley. d, In the Weyl system, an optical excitation with a particular handedness populates only one side of a single Weyl node. e, By applying parallel electric and magnetic fields, electrons can be pumped from one Weyl cone to the other of opposite chirality due to the chiral anomaly.
